The distribution and magnitude of the strike-parallel component of velocity in an obliquely converging thrust wedge or accretionary prism are determined by the geometry and mechanical properties of the wedge. A mechanical analysis based on the assumption of a critical or stable geometry of the wedge, for which the rate of cross-strike deformation is zero, leads to the following conclusions for different bulk rheologies.
INTRODUCTION
The way in which oblique convergence at plate margins is partitioned into components of strike-parallel and strikenormal motion has been a topic of active discussion for some time. Observational evidence is strongly in favor of a high degree of partitioning: the pattern of seismicity in obliquely converging accretionary wedges suggests that the relative slip vector in the frontal region of the forearc is commonly significantly less oblique than the overall relative plate motion at the boundary [ Mechanical analysis of the problem has been based on three alternative approaches. Beck [1983 Beck [ , 1986 calculated the degree of partitioning between a thrust fault beneath the forearc region and a strike-slip fault behind it that would dissipate the least energy. McCaffrey [1992] compared results using this method with those using a force balance approach, calculated by integrating the shear stresses on the two boundaries. Both methods assume frictional behavior on the faults and treat the forearc region as a nondeforming block with dimensions that have to be independently specified. The third method is based on a continuum mechanics approach, treating the forearc lithosphere as a thin viscous sheet [England et al., 1985 ]. Beck's and McCaffrey's calculations suggest that a degree of partitioning is likely, and McCaffrey [1992] shows that under these assumptions there is a maximum degree of obliquity, independent of the obliquity of the plate motion, that will be observable at the front of the forearc. This obliquity is the arcsine of the ratio of the resistances on the lower and rear boundaries of the forearc, and the seismological evidence suggests that this angle varies from about 15 to 40 ø [McCaffrey, 1992] . The analysis by England et al. [1985] , on the other hand, predicts an exponential increase in the strikeparallel component of motion towards the plate boundary.
The approach I have taken here differs in several respects from these analyses. The frontal regions of forearcs are commonly occupied by accretionary wedges or thrust belts that undergo high rates of internal deformation related to the relative plate motion. A body of recent work has shown that these wedges adopt a geometry that is a function of the stresses applied at their boundaries and their internal bulk theology [Elliott, 1976; Chapple, 1978; Stocktnal, 1983 , Emerman and stresses and rates of deformation vary continuously (the continuum approximation). This is clearly not true: accretionary wedges and thrust belts contain large faults, with displacements of kilometers or tens of kilometers. Many previous successful studies, however, suggest that the mechanical behavior of these systems, viewed on a sufficiently large scale, can be predicted on the basis of the continuum approximation. It is important to note, however, that the predictions are only valid on a scale larger than that of the discontinuities.
2. The analysis presented here is for a very specific mechanical configuration, on which a considerable amount of research has already been done. This has allowed me to make considerable use of work already done by others. The configuration (Figure 1 ) is based on an idealized concept of accretionary wedges and thrust belts, with a deforming wedge of material bounded below by a rigid underthrust slab and behind by a rigid backstop. The wedge is also assumed to be linear and of infinite extent. This last assumption means that the analysis is essentially two-dimensional, although it predicts threedimensional velocity distributions and stress states. The orientation of the backstop (shown as vertical in Figure 1) is not critical at the scale of this analysis, although it will affect the details of flow in its vicinity.
3. The wedge is assumed to have a critical geometry. Previous mechanical analyses of accretionary wedges and thrust belts suggest that the state of stress in the wedge is a function of its geometry and the tractions on its boundaries. If the stress state exceeds the mechanic0.1 strength of the material, the wedge deforms •nternally. The change of wedge geometry caused by this deformation results in a decrease in the intensity of deviatoric stress. Deformation therefore continues until the wedge reaches a configuration such that the deviatoric stress intensity is no longer sufficient to cause any change in its geometry. If the wedge is composed of a material with a finite strength (e.g., a Coulomb or plastic material), this will happen when the deviatoric stress intensity at any point is such that the material is just on the point of failure or plastic yield. Such configurations are known as critical geometries. Coulomb or plastic wedges have two critical geometries: they can be on the point of horizontal compressional deformation, in which case they have a critical geometry for compression; or they can be on the point of horizontal extension, in which case they have a critical geometry for extension. A viscous wedge will deform until the stretching rates (and hence the deviatoric normal stresses) normal and parallel to the boundaries of the wedge are zero, although shear deformation parallel to the boundaries may continue. Such a configuration is known as a stable geometry, and there is only one such geometry. In this paper I will generally assume that Coulomb and plastic wedges have reached their critical geometry for compression and that viscous wedges have reached the stable geometry. 4. The analyses presented here have been carried out for three different isotropic bulk rheologies for the wedge, namely linear viscous, perfect plastic, and noncohesive Coulomb. None of these rheologies is likely to be a good approximation to the bulk rheology of a real accretionary wedge. They do, however, roughly cover the extremes of possible rock behaviors, and analyses based on simple theologies are essential before more complicated rheologies or combinations of rheologies can be attempted. They provide predictions that can be tested against observation, and they provide a guide to the probable behavior of wedges with more complicated rheologies.
5. Assumptions also have to be made about the mechanical properties of the boundaries of the wedge, which generate the tractions that control its behavior. Emerynan and Turcotte
[1983] used a no-slip boundary condition in their analysis of the corner-flow problem in viscous accretionary wedges. This is a common assumption in hydrodynamic analyses of problems involving fluids moving over solid surfaces and assumes molecular coupling between the two media. Chapple [1978] used a constant shear stress boundary condition in his analysis of thrust wedges: this is an appropriate assumption for a plastic wedge, equivalent to assuming that there is a thin layer of plastic material (assumed to be weaker than the wedge itself) along its boundaries with the rigid slab and backstop. Davis et al.
[1983] used a normal-stress-dependent boundary condition for a wedge with Coulomb behavior, equivalent to assuming frictional behavior along the boundaries. Another possibility is to assume that the shear stress on a boundary is a function of the velocity difference across it. This is equivalent to assuming that there is a thin layer of fluid with viscous properties along the boundary. For various reasons that will be discussed below, I found velocity-dependent shear stress boundary condition the most appropriate assumption for the analysis of a viscous wedge.
FORCE BALANCE EQUATIONS
In this section I derive the force balance equations for the wedge configuration illustrated in Figure 1 , as these are common to all the analyses. The Cartesian coordinate system and reference frame used are illustrated in Figure 1 . The x axis is taken up the dip of the underthrust slab, which is assumed to be planar. The y axis is horizontal and parallel to the intersection of the underthrust slab and the backstop and is the invariant direction in the wedge geometry. The z axis is normal to x and y and is assumed to lie in the plane of the backstop. Note that x and y are not horizontal and vertical, but the difference (fl) is generally small, and throughout this paper 
(incompressibility criterion).
The components of the rate of deformation tensor are related to the velocity gradients [Malvern, 1969] :
so equation (9) allows the deviatoric stresses to be related directly to the velocity gradients. This direct relationship between forces and velocities in the wedge means that there are three independent and measurable characteristics of the wedge that will be constrained by its theology and the boundary conditions acting on it. These are the corner flow circulation in the xz plane, the distribution of Vy, and the geometry in profile of the wedge when it is in a stable configuration, as defined above. I will deal with each of these in turn, after establishing the boundary conditions.
Boundary Conditions
To derive the distribution of the velocity in a wedge with linear viscous bulk properties, the boundary conditions have to be specified, as discussed in the introduction. The usual condition to use with problems of viscous flow past a rigid boundary is the no-slip condition, which specifies that the velocity of the fluid at the boundary is the same as the boundary itself. I have not used this condition here for two reasons. Another possible boundary condition is a constant shear stress condition. This is also unsatisfactory, as it predicts a shear stress even where there is negligible velocity contrast between the material of the wedge and the boundary. The analyses for a viscous wedge show that the velocity contrast should in fact become negligible over much of the backstop, and a constant shear stress boundary condition therefore leads to unreasonable values and a poor definition of the velocities in this region. Much the same problem applies to the normalstress-dependent shear stress condition appropriate to frictional behavior.
The boundary condition I have chosen to use here is a velocity-dependent shear stress condition. This is the most appropriate for a viscous wedge, as it is equivalent to assuming that there is a thin layer of relatively low viscosity fluid along the boundary. This layer would correspond in real terms, for example, to a d6collement horizon at the base of the wedge composed of weak or overpressured sediment. The condition is applied by assuming that the shear stress on the boundary is related to the velocity difference between the material of the wedge and the boundary by a coupling constant. The shear stresses along the base are then constant at the base of the wedge to the viscosity of the wedge itself. Note, however, that mass circulation within many accretionary wedges is likely to be dominated by the effects of accretion of sedhnent to the base of the wedge [Platt, 1986] .
Profile of a Viscous Wedge
If a viscous wedge has reached a stable configuration, as defined in the section on mechanical assumptions, Dxx and hence Crxx must be zero. Equation (7) then reduces to ( z't' ) x = pgha.
This is the characteristic expression for the profile adopted by any viscous medium flowing over a resistive surface. It describes the form of glaciers [Elliott, 1976] The strike-parallel motion is therefore confined to a region near the backstop that is small compared to the across-strike width of the wedge, which justifies the assumption made initially that variations in h should not significantly affect the velocity distribution at the base of the wedge. It raises a problem, however, in that h decays over a distance that may not be much larger than the scale of discontinuities in the wedge, i.e., the scale at which the continuum approximation breaks down. In practice, therefore, the exponential decay of the velocity may be partly masked by noise induced by the discontinuities.
The velocity also increases up the contact with the backstop toward the surface, and if the wedge is thick or is well coupled at the rear, the velocity at the surface may approach that of the backstop itself. The velocity at the surface of the wedge decays in the x direction, but there are not enough constraints to describe this decay. This is unfortunate, as the velocity at the surface is the most easily measurable, by satellite geodesy, for 
where IID and II¾ are the second invariants (intensities) of the deformation rate and deviatoric stress tensors, respectively. The yield stress k is a material constant, but it can of course vary spatially throughout the wedge. In the following, k is assumed to be constant in space. A perfectly plastic material has the characteristics that if the yield condition is not satisfied, the deformation rates are zero and the stresses are unconstrained. If the yield condition is satisfied, the deformation rates are proportionately related to the deviatoric stress components, but they are only known if II•) is independently specified. Hence for our purposes three possible states can be defined in which the wedge could exist: state 1, a subcritical wedge in which the deformation rates are zero and the stresses are unconstrained (this will not be discussed further); state 2, a critical wedge in which the yield condition is satisfied everywhere but the deformation rate is zero; and state 3, a supercritical wedge in which the yield condition is satisfied everywhere and which is deforming at rates that are dictated by the external boundary conditions. (53) and (54) may also apply to nondeforming critical wedges (state 2), for less obvious reasons. In a geological situation, any critical wedge will experience frequent disturbances to its geometry, caused by accretion of material to the front, for example, that will cause it to become temporarily supercritical. It will then deform until it has returned to its critical geometry. While it is deforming it must obey the rule that Dyy =0 and hence that tyyy=O. It is reasonable to assume, therefore, that when it has ceased deforming but is in the critical state, tyyy = 0, and equation (54) applies.
Boundary Conditions
The relationships discussed here can be worked out using either the constant shear stress or the velocity-dependent shear stress boundary conditions discussed earlier, and the results are not significantly different. The constant shear stress condition gives the components of the basal shear stxess as (vt,)x = v/, cos y,
(Vb)y=Vbsin Y,
where tan 7 = (vy)t, / V cos 70 (Figure 1 ).
The shear stress on the backstop is taken as a constant, -v 0. If v 0 = k, this condition is roughly equivalent to assuming that there is no mechanical predisposition to slip on this boundary, but because the backstop is assumed to be undeformable, this boundary will always differ in character from the rest of the wedge.
The velocity-dependent shear stress boundary condition gives (vl,)x=P(Vx),,, In state 3 supercritical wedges, deformation rates are proportional to the deviatoric stresses. If the longitudinal deviatoric stress o• • 0, there will be a finite rate of shortening of the wedge. This shortening will continue until either it reaches the critical state (i.e., it evolves into a state 2 wedge), the conditions for which will be defined next, or o'•x --> 0. The wedge will then still be supercritical but will deform only by strike-parallel shear: there will be no further shortening. Equation ( 
Nondeforming Critical Wedges (State 2)
These wedges move coherently, with a constant strikeparallel velocity vy. The purpose of this section is to define the controls on this velocity and to place some limits on the state of stress within the wedge. The latter will be defined by the force balance equations (7) and (8), and the plastic yield equation (58), but, like a viscous wedge, the stress state is also dependent on scale. A plastic wedge has one more degree of freedom than a viscous wedge, however, because of its finite yield strength. Although the longitudinal strain rate Dxx must be zero when the wedge is in the critical state, this extra degree of freedom means that the longitudinal deviatoric normal stress rxxx need not be zero' the stress components can vary independently within the constraints of (58) 
Equations (73) and (74) for the stress state at the wedge front remain the same. Equation (75) 
One of the problems with analyses of Coulomb wedges is that •, is likely to vary in unpredictable ways through the wedge. For discussions of this problem and possible approaches to understanding the constraints on •,, see Davis et al. [1983] and Platt [1990] . /•i can also vary according to rock type. In order to achieve an analytical solution, however, •, and •p are assumed to be constant throughout the wedge.
The Coulomb criterion is analogous to a plastic yield criterion but with the difference that the yield stress depends on the mean stress. If the criterion is not satisfied, the deformation rates are zero and the stresses are unconstrained. If the criterion is satisfied, the material deforms at rates dictated by the external boundary conditions. An initially homogeneous and isotropic material will extend instantaneously in the direction of ty 1 (the minimum compressive principal stress) and shorten in the direction of ty 3. This is the basis for a variety of methods of paleostress analysis. Natural materials are, of course, generally neither homogeneous nor isotropic, and even if they are so initially, the effects of brittle deformation will render them anisotropic, particularly if the deformation is noncoaxial. Nevertheless, for the purposes of this discussion, I assume homogeneous and isotropic behavior. The deformation of a Coulomb material is two-dimensional and lies in the plane of the maximum and minimum principal stresses: it is unaffected by the value of the intermediate principal stress. States in which a Coulomb wedge can exist may therefore be defined exactly as for a plastic wedge: state 1, a subcritical wedge in which the deformation rates are zero and the stresses are unconstrained (this will not be discussed further); state 2, a critical wedge in which the Coulomb criterion is satisfied everywhere but the deformation rates are zero; and state 3, a supercritical wedge in which the yield condition is satisfied everywhere, and which is deforming at rates that are dictated by the external boundary conditions, in the directions of the maximum and minimum principal stresses.
The condition Dyy =0 can be applied because of the assumption of infinite extent in the y direction. Because the deformation is independent of the intermediate principal stress, the rates are not directly related to the components of the deviatoric stress tensor, as is the case for plastic materials.
Hence tyyy cannot be constrained from the condition Dyy = 0 as was done for viscous and plastic wedges. I argue that the condition ty•y = 0 can still be applied, because on geological time scales, rock materials creep in such a way as to relax deviatoric stress.
In the general case, the principal stresses within a Coulomb wedge will be inclined to all three coordinate axes. In order to render the problem more tractable, I assume for the purposes of this analysis that the shear stress components tyz. x and tyzy can be neglected on the scale of the wedge as a whole. This assumption is equivalent to assuming that the vertically averaged principal stresses lie parallel to the z axis or to the xy plane and is justified by the low taper of natural wedges, which suggests that they are strong relative to the resistance at the base [ 
In this case the wedge will not be deforming and will be in state 2. The constraints on the stress state described above do not apply if the velocity is constant, however, so that (98) does not generally apply; and it does not follow from this As discussed above, I assume that the principal stresses lie parallel to z or in the xy plane. 
•e force balance equations (7) and (8) 
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On the assumption of constant fi, therefore, O is independent of and the geometry of the wedge is independent of scale. Having established that 0 is independent of x, the integral hdx can be evaluated using the relation h -h 0 -Ox to give
•hdx = hox-Ox2/2-hoL]2 + A. (120)
The force balance equations (110) 
If tan Z0 is less than this, there will be no slip on the rear boundary and the wedge will move at the same velocity as the backstop. If tan Z0 is greater than this, there will be slip on the rear boundary and the wedge will move laterally at a velocity given by (129 
